H. TI-IERMOSOLUTAL CONVECTION
Three statements, (a) Thermo:
where p is density, T is temperature, a is the volume coefficient of thermal expansion, which is always positive, and P0 is the density at the melting point, To.
(b) Solutal:
where the solutal expansion coefficient,/3, can be of either sign and P0 is the density of pure solvent liquid, as described previously.
Combining these, the density difference between two elements of liquid, Ap, having temperature and composition differences, AT and AC, is then given by Ap = -Po (eAT +_-flAC) [2a] or is expressed as a vertical gradient, ap aT dC
Of particular interest will be situations where the signs of eAT and/3AC are opposite, so that it becomes possible to have liquid which is both cooler and less dense. (K = MCp, where Cp is the specific heat at constant pressure); Q and Cp are here defined with respect to volume.
where DL is the liquid diffusion coefficient and C is concentration.
Of importance here is the ratio of the two _ffusivity coefficients:
DL where 1"is called the Lewis number, having values _ t0' for metals or --10 2 for aqueous and organic systems. Heat redistribution is therefore rapid and the buoyancy is sustained by a composition difference of much longer duration. (3) Fluid flow is opposed by viscous drag and a velocity gradient is set up around a moving element as it shears through the surrounding liquid. If the flow is streamlined, as it generally is in the cases considered here, the buoyancy pressure is related to the velocity gradient by the dynamic v_iscosity coefficient, r/:
more conveniently normalized as the kinematic viscosity coefficient, v = -P It is the combination of these three relations that determines the scale of convective patterns and rate of flow within them. As a general statement, for such convection to occur, the diffusivity ratio cannot equal that of the buoyancy contributions;
i.e.,
and, in general, _"exceeds that ratio by some two orders of magnitude.
In fluid mechanical calculations, it is mathematically convenient to describe different situations or problems by dimensionless numbers, relating system parameters, velocity V(LT-9, and scale (L) of events to relevant material constants, notably, x, DL, and _(L2T-'). A few of these numbers are listed in Table I , with indications of their physical meanings and orders of magnitude relevant to the present context. Clearly, the values of those numbers involving system parameters are particularly sensitive to the choice of that dimension, L, describing the scale of convective flow, e.g., height or width of the system or of the local flow pattern. Since, in the present context we are concerned with local flow plumes of the order of 10-3m wide (but much longer), the numbers quoted are for that scale. We note in particular that the Reynolds number, even for metallic systerns, is below the limit (_'100 at which streamlined flow breaks down into turbulence. It will also be apparent that Prclet numbers, Per or Pe_ are products of the Reynolds number and the Prandtl or Schmidt number. Keeping the physical significance of these numbers in perspective is crucial to understand their implications.
Thus, referring to the Prclet numbers, a value of one would indicate that heat or mass transfer took place as rapidly as convective flow, so that the fluid would remain quiescent.
In the present context, the two Prclet numbers indicate that fluid flow typically takes place a little faster than allows thermal equilibrium to be attained, but very much faster than compositional (solutal) adjustment, cf Eqs.
[3] and [4] . The relatively big difference between Prandtl numbers for metals vs aqueous and organic systems reflects their higher thermal conductivity, but as it transpires, this does not significantly affect the scale of convective patterns, although the flow rates are much rapid. Figure 2 shows three schematic casting configurations and the form of thermosolutal flow patterns which are to be expected or are observed. The left-hand sequence, I through III (a), corresponds to dp/dz negative, i.e., solute C dp/dz=-padT/dz _dz=dT/dz/m _ "",,,,,,,,,, and analysis of channel-plume motion in transparent systems allows extrapolation to opaque metallic systems, based on postmortem examination of the fully solidified samples. 0*.tsl Plume widths are all about 10 -3 m (some three to five primary dendrite spacings), and plumes are enriched in solute by 1 to 2 pet compared with the bulk liquid; as liquid leaves the dendritic front, it is also a little cooler (<5 K) than the surroundings but rapidly warms up to the ambient temperature (cf thermal P6clet number). Flow rates in the plumes have been measured in the transparent materials and analysis of these, extrapolated to metals, indicates mean velocities, organic:aqueous:metallic, of about 10 -3 ms-': 10 -2 ms-t: 10-' ms-m, the last being very rapid but still streamlined. At a given time, some 2 to 3 pet of the liquid flows upward rapidly in such plumes, while the balance is drawn down into the upper part (<10 nun) of the mushy region to be continuously entrained in the plumes. This means, as shown in Figure 4 (c), that solventrich, warmer liquid is drawn through the upper part of the dendritic array. The finger convection also involves some short-range recirculation between dendrites, but it does not penetrate the mushy region to greater depths than the primary spacing (<10 -3 m) and there are no channels associated with it. It may be noted that in a configuration with horizontal growth, as in a billet casting, Figure 2 , III, the finger zone can never be fully established but is mostly swept away by upward or downward flow across the growth front. Plume flow is similarly obscured at such a front, but this does not mean that exchange between the mushy region and open liquid is absent.
HI. PHENOMENOLOGICAL CONSEQUENCES
In all cases, the convection currents carry entrained dendritic fragments within them and thus provide particle transport over shorter or longer ranges into the bulk liquid. This will be our principal focus.
It should be added here that there are two other conse- in the system, such as oxide or slag particles.
IV. A PHYSICAL MODEL
In Table II is a model to describe the development of an equiaxed grain structure from intrinsic nucleation sites involving sequential steps (1) through (6), as follows:
(1) Side arms of dendrites are continuously generated and coarsen by ripening behind the columnar growth front;
(2) A fraction of these side arms become detached from primary dendrite stalks;
(3) A furtherfractionescape from the mushy zone into the bulk liquid;
(4) Some of these survive, subject to time, local temperature,and composition;
(5) Survivors grow in supercooled liquid and sink as they do SO, which are in a simple ratio to the radii of curvature, r, of the primary dendrite tips and hence can be related to the imposed growth rate, composition, temperature gradient, and primary spacings, as analyses have shown.r_8.237 In this material, over an order of magnitude in the growth rate, this ratio is approximately A°:r = 4:1. We take this as a reflection of the oscillatory growth of dendrites, growing at the condition of "marginal stability," and believe that side arms grow from the initial perturbations so created at the primary tips. Discussion of the geometry, wave length, and frequency of dendrite tip perturbations is beyond the immediate scope of this article, but we note that side arm spacings are always in a simple ratio to the tip curvature,I_9.201whether in single-component systems (heat flow only) or with solute present. Ripening of the intrinsic spacing begins almost at once and proceeds according to a relationship of the form A2 -3.0 = KP, where t = time and n lies between 1/3 and 1/2 depending on the solid volume fraction, as described elsewhere in this series.r2_l This step is sufficiently well documented to be predictive.
B. Side Arm Detachment
It may be seen from Figure 5 (a) that very few side arms have separated from the primary spine, although the junctions between them have necked down to small radii of curvature. This seems to be the situation if the temperature gradient is constant and the sample is cooling continuously. However, a small temperature rise (as yet undetermined) causes nearly all the side arms to detach abruptly ( Figure  5(b) there is an immediate increase in the dendrite tip radii, but a much slower increase in the primary spacings (e.g., Figure 7 of Reference 4). Consequently, the interdendritic solute concentration is raised above that for growth at the former growth rate and this causes side arms to melt off at their narrow roots. With such transient growth conditions, dendrites are always a little closer together then they would be under steady-state conditions.r 4°1 Better temperature measurement and analysis of this situation are needed if there axe to be predictive statements. We note that ripening, detachment, and re-entrainment take place continuously and concurrently and that the permeability of the dendritic array is also changing with position behind the growth front.
C. Fragment Escape
Reference to the transport of dendrite fragments by thermosolutal fingers and plumes has already been made. In the vertical configuration of Figure 2 , I(a), finger convection is of short range and involves only local recirculation. An estimate from video records would be around 10 particles cm -2 s-' so ejected, having diameters between 10 to 40 /zm. In the vertical configuration, these may not be of great importance for future equiaxed grain formation, but in a casting with side chill, such currents are swept away into the open liquid, as already noted. Within plumes, fragments are more numerous and are traveling faster, but with the spatial separation of channels of _5 mm, this again equates with a mean rate of escape around 10 to 30 fragments cm -2 s -_, against some 500 primary dendrites cm -2. With the regeneration of side arms, around 200 cm-: s-_, previously noted, this must mean that about i0 pct of the potentially available fragments leave the mushy region and therefore that the fraction detached must be greater than this, but we
do not yet know by how much. For the present, in the aqueous system, it will be safe to assume a particle escape density of > 10 cm -2 s-_, with a lower size estimate limited by resolution to _ 10 p.m or, on average, _20-#,rn diameter. There can be no estimates for a metallic system, as yet. Flow rates in metals should be an order of magnitude greater within plumes of similar diameters and spacings.Its1 We are limited here by uncertainty about the detachment kinetics.
D. Fragment Survival
Three areas, (a) through (c), may be identified: (a) To treat the problem of survival requires a detailed thermal record with respect to time and position, in this case, as vertical temperature profiles, against which are required the corresponding particle population densities. Schematically (Figure 6(a) ) the bulk liquid is cooling by heat extraction from the chilled base, assisted by convective mixing and heat exchange with the mushy region during re-entrainment.
The temperature profiles are hinged about the growth front at Tt, so that predictive analysis of the interfacial undercooling, ATe, is an essential part of this problem (cfReferences 18 and 23). Temperature gradients in the liquid rapidly decrease with time, especially in metals and with convective mixing, so that in a very short time interval (10 to 102 s), there is a transition from most of the liquid being slightly superheated to its being almost uniformly supercooled.
Above the freezing point, fragments melt, but as the profile falls below TL, all survivors start to grow, recalescence occurs, and the liquid undercooling becomes small and uniform. With knowledge of the material properties (conductivities, specific, and latent heats), the liquid composition and, with a model for undercooling at the growth front, the temperature profiles can be computed with readily available thermal codes. This is a simple one-dimensional analysis which, however, must also incorporate thermal mixing in the open liquid by convection and the attendant heat exchange during re-entrainment. Experimentally, the temperatures can also be followed by a series of thermocouples or, better, can be scanned by one thermocouple, moving vertically up and down through the melt. Figure 6(b) is an example of such a scanning sequence for an aqueous NH, CI casting, poured into a mold with an initial superheat of =-30 K above the liquidus temperature.
The positions and temperatures of the growth front are indicated on these temperature profiles and reflect the depression of the growth front from changes in bulk liquid composition (the finger zone dominates up to a time of about 30 minutes, after which macrosegregation occurs) and from the front undercooling, AT_ _ 3 to 4 K. coefficient, and Ar is some radial diffusion distance in the liquid, e.g., a boundary layer, -8. The rate is limited by solute/solvent diffusion and rises with the temperature as C_ decreases and AC increases, until T#tL. At and above the melting point of the pure solvent, melting becomes heatflow dependent and reduces to a single component problem; composition adjustment then follows after or while the particle melts, which it does increasingly rapidly (cf r = x/D0 as
where T is a bath temperature above the melting point, AH the latent heat, k the thermal conductivity, and Ar' a larger characteristic distance for heat flow. In a more general case, with some solid solubility, e.g.,/co = 0.25 (Figure 7) , the same argument applies, but now the transition temperature from matter-to heat-controlled melting applies to a bath temperature for liquid Co at the corresponding solid melting composition at koCo. The locus of such temperatures then follows a line T. = r. -m,_C [8] It seems appropriate to call this a thermosolutal transition temperature for melting. Crude experiments with succinonitrile-water confirm changes in melting rates above T,, (= T,,) by a factor of more than 30 times within less than 5 K above the melting point, f241For the NH4C1-H,O system, this transition is irrelevant, because the aqueous solutions are far below the solid melting point, but in foundry practice, in many metal systems, the pouring temperature may often exceed this melting transition temperature (for example, consider alloys such as Fe-0.5 wt pet or AI-4 wt pet Cu). This will mean that any metal fragments which are momentarily produced, as by local chill at mold surfaces, will have a very short lifetime indeed, unless the superheat is almost impracticably low. Reverting to the experimental aqueous system under consideration, approximate melting rates and hence life spans of the same order as are observed can be calculated for solute/solvent diffusion by taking a boundary layer thickness equal to the particle radius. These allow some estimates of expected particle densities to be made for given local superheats. (c) Particle densities prevailing at a given ambient temperature must be a result of supply and survival, being a standard demographic problem of "birth rate" vs "'death rate," where here, the former is the number of particles supplied by convection, _ and the latter is the reciprocal of the melting life span, d_ s-L The number of particles surviving in a given volume after a time, t, is then given by dN, = _r -N, q_, and with integration, given rate of particle amval or birth rate, N, and of particle radius, to, at melting or death rat_s, 4_, corresponding to various melt superheats, ATh, as in Fig. 7 .
Experimentally, we do not yet have acceptable measurements of particle densities or of the quantities, _tand _b, although an initial value for N can be taken from numbers observed in fingers or plumes and estimates of q_ are at least of the correct order. Thus, Figure 8 shows how particle densities should converge with time for assumed initial particle size (r0 = I0 rash) and an observed supply rate of the order of 10 7 m -3 s -) at superheats from 1 to 10 K. Convergence is more rapid as the melting rate or death rate increases, but the rallies are considered in general to be too high because many particles melt as they are transported through the hotter liquid before reaching some given volume element, as previously mentioned; i.e., [¢is probably too high. Clearly, the situation of particular interest is with the small critical temperature range as the superheat fails below '_1 K, when nearly all ejected dendritic fragments begin to survive. Meaningful measurements of particle densities require very close correlation with accurate temperature measurements and local cooling rates, and the important transition range is narrow and almost abrupt.
E. Growth and Sedimentation
Below the freezing point, the situation changes abruptly, and from the foregoing (Figure 6(a) ), this applies to much of the bulk liquid above the growth from. Initially spherical particles start to grow dendritically as soon as the undercooling exceeds that for curvature, AT, (with r = 10 _n, cr -, 0.1 J-m-" and the entropy of fusion, AS _, 4.10 _ ]'m -3 K-', and AT, = 2o'/r-AS < 10-' K). Initially, this will be unconstrained growth and will lead to recalescence within a short time, so that the bulk liquid rapidly becomes spatially isothermal.
Simple calculations of unconstrained growth with solute rejection and with a cooling rate of 10-t K.s-t, from a given number of intrinsic nuclei, indicate that recalescence will occur within < 10 seconds. Recalescence is a consequence of growth and evolution of latent heat, so that within quite wide ranges of nucleation densities, the rate of recalescence does not actually differ very much, perhaps contrary to perceived wisdom.m1 At this point, it is recognized that the modeling procedure begins to follow that which is generally used to fit with thermal analysis, cooling curve data {25-28| and becomes "standard."
As noted previously, relatively close correlation with cooling curves is possible with a relatively wide range of nucleation sites. In this range (of time and temperature), before impingement, the radial dendritic growth rate, V,, follows:
where n "_ 2, and experimental data and analysis are available for this situation It6aTa°l in single-and two-component systems.
Since the solid is invariably more dense than the liquid (by some 30 pet in NH, C1-H20), the growing equiaxed crystals sink according to Stokes' law, modified for an envelope of radius r, within which the solid fraction, f, is relatively low (<5 pet). Terminal sedimentation velocities, Vr_ are reached rapidly in the density ranges involved here, although the particles accelerate as they grow. Also, within the envelope which effectively encloses the dendritic crystal, the interdendritic liquid is slightly enriched in solute and is therefore marginally less dense than that of the surrounding liquid. However, although this fraction is large, the density difference, AOLvL,is very small and the buoyancy contribution is negligible. The terminal velocity, V, may therefore be written
where ¢_ < 2/9, g is the gravitational acceleration, f is the solid fraction within the grain, Aps/L is the solid:bulk liquid density difference, and Apz./L is the difference between the liquids inside and outside the envelope. The value of a is 2/9 for a sphere and the dendritic crystal outlines are approximately octahedral, but small shape changes make surprisingly little difference to Stokes' law, pal and in any case, crystals often rotate as they fall. Of more importance is the interaction between falling crystals, and as the separation between them decreases below about 10 diameters, the velocities decrease because of an effective upward displacement of the medium.ml It follows that as the particle density and size increase, the regime must change sharply as impingement begins, from one of falling particles through relatively stationary liquid to one of fluid flow through a stationary dendritic mesh.m_B] Analysis of sedimentation rates in the NH, C1-H_O system gives good agreement with observations with a _ 10 -t and f, _ 0.02 and has been scaled with some success to estimate rates and grain sizes in a continuous steel casting.m] Figure 9 summarizes this situation schematically, bringing the cycle of operations to a conclusion with the blocking of the columnar front from which fragment nuclei originated. Figure 10 is an example of this situation in the NH,C1-H20 system prior to the transition.
F. Columnar-Equiaxed Transition
The final step concerns a criterion for how many falling equiaxed crystals, and of what size(s), are necessary to block an upward growing, columnar dendritic front. Referring to Figure 10 , a crude estimate of this necessary blocking density might be made as follows.
The columnar front is growing with a velocity, V_. and with a primary dendritic spacing, At, which is typically the 57g---VOLUME 27A. same or less than the diameter, d, of falling crystals. The basic requirement to avoid blocking is that the columnar front be able to grow through a broken layer of obstacles in less time than it takes another equivalent layer to arrive, so that by dendrite branching and the development of tertiary arms, as indicated in Figure 9 , the primary structure is largely retained.
MARCH
A simple criterion might be that the critical coverage of the surface should be _0.5 in this time interval. Whatever the exact real fraction, the rate of arrival of obstacles per unit area, N, of diameter, d, will then be given by
(where K = 1/4 for 0.5 fraction). There are some obvious simplications here, notably, that all the falling crystals will not be the same size (coming from different heights) and that they also grow after they have arrived on the front (mostly in the vertical direction).
A more comprehensive and sophisticated analysisml is to treat the arriving crystals in terms of nucleation and growth according to an Avrami formulation for extended volumes, and this actually does indicate a necessary arrival rate to effect _0.5 coverage. For all these quantities, dimensions and rates can be measured and analyzed with some confidence; two points may be made. First, the blocking is obviously more effective by larger crystals, so that those originating only a little above the front are not as effective as those which have fallen further and had more time to grow (and also arrive faster).
Therefore, there is a "most probable" level of origin for those equiaxed nuclei which are the most likely to block the front. Application of such analysis has been made for the model system and can be extrapolated with some confidence, f32231Second, unless there is a sudden "blizzard" of equiaxed crystals (which is often the case, however), the colurrmar-to-equiaxed transition is not abrupt but rather gradual, as stray equiaxed grains become incorporated into the general framework of the columnar array. Again, this is rather well recognized and observed in practice.
V. SUMMARY AND CONCLUSIONS
In the foregoing, we have emphasized the roll of thermosolutal convection as a mechanism to transport crystalline fragments within a casting, in particular, from within the mushy region of a columnar dendritic array into open, bulk liquid. The argument pursued throughout has been that such fragments are the most probable nuclei for equiaxed grains if no other substrates are deliberately introduced into the system. Present schemes for the modeling of the grain structure of castings follow, with some sophistication, that of Oldfield, r251in which the question of origin of nuclei is avoided by use of expressions based on classical nucleation kinetics upon unspecified sites of variable potency. The modeling procedures which are then used, however elegant and elaborate they may be,r28.34.351 must be classified as curve-fitting exercises to cooling curve data. This is not to detract from the demonstrable achievements of these models, but the present assertion is that sites can be identified in a physically realistic way and the separate steps to describe this alternative approach have been considered. This is not a simple undertaking and the necessary confirmation from experimental measurements is lacking for some parts of the operation, although the physical processes can be identified, albeit in a somewhat qualitative way.
Referring to the possible modeling sequence of Table II , the origin of crystal fragments is clearly identifiable (1), as is their transport (3), but the actual detachment kinetics of side arms from primary dendrite stalks (2) have yet to be clarified and experimentally confirmed. Likewise, working back from the end, reasonable physical understanding of the columnar blocking (6) and of the supply of equiaxed "obstacles" (5) is available, supported by acceptable observations and measurements. But, at present, the central connection, in terms of particle survival and particulate density (4), seems to be less tractable, although the kinetics of melting appear to be relatively straightforward, if poorly documented.
Inasmuch as a casting is a closed system, it would, in principle, be possible to write a computer program for stages (3) through (4), the number of particles escaping to that number needed to effect blocking, and to simply formalize the intermediate steps to yield a numerically compatible connection. Wang and Beckermannt361 have outlined such a scheme to do this, but there is the danger that the physics of each individual, concurrent step will become obscure and that the model will then become no more physically predictive than those currently employed. This could easily become a more cumbersome and invidious exercise, even omitting the dendrite ripening and detachment processes and, as such, would offer no significant improvement over current models. However, we conclude that despite some current difficulties, solutions to the overall modeling sequences must be attainable, if only because the process is physically correct. It is relevant to note that in practice, the ranges of temperature which allow a sound casting to be made, combined with the physical properties of materials, are quite narrow, and in practice, without the addition of grain-refining substrates, the observed range of equiaxed grain sizes is limited to not much more than one order of magnitude, from around a hundred microns to a few millimeters. There is not much latitude here for meaningful results, although in terms of nucleation density, this size range does correspond to more than three orders of magnitude and is not as narrow as the grain size itself might imply.
Some comments are in order about the value of using transparent aqueous or organic analogues for metallic behavior and about extension from the vertical unidirectional casting geometry to other more general three-dimensional configurations.
There are two major inter-related differences between aqueous and metallic systems which require careful scaling because of the relative thermal conductivities and temperature ranges typically involved.
The first of these is reflected in the Prandtl numbers (Table I) which, for metals, are some two or more orders of magnitude smaller than for the transparent materials. As previously remarked, this does not appear to alter the scale of convective patterns, but it profoundly affects the flow rates within them. Simultaneously, however, the higher thermal conductivity also allows heat flow to keep up with the rapid transport over similar distances (but shorter times) to those in the other systems, so that estimates of the distances within which convective plumes approach thermal equilibrium with surrounding liquid are quite similar, around 10 rnn'k _5] The scales remain similar but the motion is dramatically accelerated, and there is some doubt as to whether a well-defined finger regime has time to develop in metals. In a base-chilled, lead alloy ingot, vertical segregation channels can be observed within a few millimeters of the chilled face _39)and there is a very brief incubation period compared with aqueous systems. We conclude that in this respect, the transparent materials are valid analogues hut in "slow motion."
Brief references were made to extrapolation from the vertical to other configurations, where thermosolutal and/or purely thermal convection lead to fluid flow across the dendritic growth front, i.e., normal to the heat flow direction. As noted, this blurs or obliterates distinction between finger and plume/channel patterns, leading to relatively long-range mixing throughout much of the solidification time. In terms of modeling, this more general or uniform mixing actually simplifies treatment of particle dispersion and survival, avoiding the necessity to consider local patterns and fluctuations. In fact, to complete a feasible modeling sequence, it may prove to be the only recourse, i.e., it may be necessary to ignore the distinction between finger and plume flow, in order to obtain a viable result. There are both gains and losses in this exercise.
Finally, it is appropriate to remark, again, that current modeling procedures are inevitably substantiated by comparisons with thermal analysis data by matching latent heat evolution to experimental cooling curves. The point to be reiterated is that such correlations are not a very sensitive function of the assumed or actual nucleation density, so that prediction of grain size by this method cannot be precise. This is the reason why some attempt should be made to physically describe where the nuclei originate.
